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 Abbreviations  
 
ACC    Anterior cingulate cortex 
Ag-AgCl  Silver-silver chloride 
ANS   Autonomic nervous system 
ANOVA  Analysis of variance 
CAN   Central autonomic network 
CRT   Choice reaction time 
DLPFC  Dorsolateral prefrontal cortex 
ECG   Electrocardiogram 
EEG   Electroencephalography 
FFT    Fast-Fourier Transformation 
fMRI   Functional magnetic resonance imaging 
HFnu   High frequency power, expressed in normalized units 
HRV   Heart rate variability 
Hz   Hertz 
IFG   Inferior frontal gyrus 
LFnu   Low frequency power, expressed in normalized units 
MFG    Middle frontal gyrus 
MRI   Magnetic resonance imaging 
MRT   Mean go reaction time 
ms   Milliseconds  
PET   Positron emission tomography 
PFC    Prefrontal cortex 
rTMS   Repetitive transcranial magnetic stimulation  
SOA   Stimulus onset asynchrony 
SSRT   Stop-signal reaction time 
STN   Subthalamic nucleus 
tDCS   Transcranial direct current stimulation 
TMS   Transcranial magnetic stimulation 
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 1 General Introduction 
1.1 Prefrontal cortex and cognitive control - Motivation for the first study 
The so-called executive functions enable us to plan, execute, and update behaviour 
in response to an environment of continual change (Heyder, Suchan and Daum 2004; 
Logan 1994). The ability to apply cognitive control over actions is essential for normal 
human activities. In particular, unexpected events frequently require us to cancel intended 
actions. Many aspects of everyday life, such as driving a car or playing a musical 
instrument, would become impossible without the ability to inhibit and update motor 
activities (Chambers et al. 2006). 
A typical paradigm to study inhibition, particularly inhibition of initiated responses, is 
the stop-signal paradigm (Logan 1994). In this paradigm participants have to execute a 
simple task, e.g. identifying a target stimulus (the “go-signal”) and pressing a 
corresponding key as rapidly as possible. On 20-30 % of trials a stop signal appears, 
instructing participants to withhold their response. To manipulate the difficulty of 
successfully inhibiting, the stop signal is presented randomly at various delays after the 
go-signal. The probability of inhibition is closely related to this stop-signal delay. Based on 
the so-called “horse race model”, the stop-signal reaction time (SSRT) can be computed 
as a behavioural measure of inhibition performance (Logan 1994). 
Neuroimaging studies have revealed selective activation of the inferior frontal gyrus 
(IFG), middle frontal gyrus (MFG), and inferior parietal cortex of the right hemisphere 
during inhibition of an intended action (e.g. Rubia et al. 2003; Garavan et al. 1999; Konishi 
et al. 1999; Kawashima et al. 1996). In a neuropsychological study, Aron et al. (2003) were 
able to show that lesions of the right IFG were predictive of inhibitory deficits in patients 
with brain damage. Results of published studies suggest that the right IFG is the most 
important cortical brain region for stop signal response inhibition (Chambers et al. 2006; 
Aron et al. 2003). Furthermore, basal ganglia (Gauggel et al. 2004) and subthalamic 
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 nucleus (STN) (Aron and Poldrack 2006) are also parts of a network for inhibitory control 
of action and cognition (Aron et al. 2007). 
However, there is a fundamental limitation of imaging results. Neuroimaging 
techniques like functional magnetic resonance imaging (fMRI) or positron emission 
tomography (PET) cannot distinguish between neural activity that is necessary for 
behaviour and neural activity that is merely associated with the behaviour (Chambers et al. 
2006). Thus it remains unclear whether the neural activation observed in imaging studies 
reflects mechanisms that are vital for response inhibition (Garavan et al. 1999). 
The technique of transcranial magnetic stimulation (TMS) gives a unique 
opportunity to address this limitation (Chambers et al. 2006; Walsh and Cowey 2002). 
During TMS, a time-varying magnetic field is discharged over the scalp, causing temporary 
disruption ("virtual lesion") or enhancement of underlying neural activity with high temporal 
precision and good spatial resolution (Gauggel, Knops and Staedtgen 2008). As a 
reversible interference technique, TMS can ascertain which cortical regions are vital for 
specific functions in the healthy brain, thus complimenting neuroimaging and 
neuropsychological methods. With TMS it is possible to study the effect of a perturbation 
of neural activity in a circumscribed brain region on the outcome of a behavioural task. 
In Study 1 of the present thesis TMS was used to investigate the special role of the 
dorsolateral prefrontal cortex (DLPFC), a part of the MFG, during response inhibition, 
particularly during inhibition of initiated responses, because its role is still unclear. On the 
one hand DLPFC is often co-activated in neuroimaging studies dealing with inhibition (e.g. 
Rubia et al. 2003). And Boecker et al. (2007) found stronger brain activation in the left and 
right DLPFC during successful and failed stopping of initiated responses in comparison to 
a condition without stopping. Changes in cerebral blood oxygenation were more 
pronounced in the right than in the left DLPFC. A TMS study by Nyffelder et al. (2007) 
confirmed that the inhibition of reflexive saccades is under the control of the DLPFC. 
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 These and other studies suggest an involvement of DLPFC in stopping of initiated 
responses.  
On the other hand, in contrast to these results, Chambers and colleagues (2006) 
found in a repetitive TMS (rTMS, so-called “virtual lesion” technique) study that temporary 
deactivation of the right DLPFC did not affect stop signal task performance whereas the 
temporary disruption of the pars opercularis in the right IFG impaired the ability to stop an 
initiated action. This finding supported the important role of IFG in stopping of initiated 
responses (for a recent review see Aron et al. 2007). The DLPFC seems just to be 
associated but not necessary for stopping (Chambers et al. 2006). Perhaps its activity 
during a stopping task is not related to the inhibition process itself but related to supportive 
cognitive processes accompanying inhibition, e.g. task switching, response selection or 
attention related functions located in the DLPFC (Ridderinkhof et al. 2004). 
In Study 1 of the present thesis single-pulse TMS was applied over the left, right or 
bilateral DLPFC at three different time points following the stop signal in a stop signal 
inhibition task to further elucidate the functional role of the DLPFC during response 
inhibition and its lateralization. Furthermore, the time course of DLPFC involvement was 
investigated. A differential influence of TMS on the SSRT depending both on the location 
and the time point of stimulus application were hypothesized.  
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 1.2 Prefrontal cortex and cortical control of the autonomic nervous system - 
Motivation for the second study 
The response of a human subject to an environment of continual change does not 
only need cognitive flexibility but also the maintaining of autonomic balance. The prefrontal 
cortex is involved in both: in executive functions supporting adaptation of behaviour to 
environmental demands as well as in the cortical control of the autonomic nervous system 
(ANS) that controls and regulates internal organs, e.g. the heart, depending on internal 
and external needs (Thayer and Brosschot, 2005).  
The ANS consists of two major branches: the sympathetic system, associated with 
energy mobilization, and the parasympathetic system, associated with vegetative and 
restorative functions. An imbalance of sympathetic and parasympathetic activity, in which 
one branch of the ANS dominates over the other, is associated with a wide range of 
somatic and mental diseases, e.g. cardiac infarction or depression (Thayer and Lane 
2000; Thayer and Lane 2007). 
Heart rate variability (HRV) has proven to be an excellent parameter to investigate 
influences on both, sympathetic and parasympathetic tracts of the ANS. This technique 
incorporates Fast Fourier Transformation (FFT) analysis of time series of beat-to-beat time 
spans derived from the electrocardiogram (ECG). Sympathetic and parasympathetic 
activity of the ANS is represented in different frequency bands and can thus be considered 
separately (Taskforce, 1994). 
In the study of Ahern et al. (2001) heart rate and HRV were measured before and 
after right- and left side intracarotid sodium amobarbital injection (so-called “Wada-Test”), 
a temporary inactivation of the left or right hemisphere, particularly frontal areas. 
Lateralized effects were observed: larger and faster heart rate increases occurred during 
right hemisphere inactivation. Results suggest a different involvement of left and right 
frontal cortex in cortical control of chronotopic heart activity. Several other studies 
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 confirmed a selective influence of left and right frontal, especially prefrontal, cortical areas 
on the sympathetic and parasympathetic branches of the ANS (for a review, see Wittling et 
al. 1998a and 1998b).  
The special role of the DLPFC, as part of the prefrontal cortex and as an important 
brain region for cognitive control (see chapter 1.1), during cortical control of the heart 
remains unclear. Several neuroimaging and neuropsychological studies showed an 
involvement of other prefrontal structures, particularly the ACC, the medial prefrontal 
cortex, and the insula, in autonomic regulation (Critchley 2005). The DLPFC is not directly 
involved but it is strongly interconnected with structures building the so-called central 
autonomic network (CAN). 
The CAN includes both prefrontal and limbic structures: the anterior cingulated, 
insular, orbitofrontal, and ventromedial prefrontal cortices, the central nucleus of the 
amygdale, the paravetricular and related nuclei of the hypothalamus, the periaquaductal 
gray matter, the parabrachial nucleus, the nucleus of the solitary tractus, the nucleus 
ambiguous, the ventrolateral medulla, and the medullary tegmental field. These 
components are reciprocally interconnected (Benarroch 1993, 1997). The CAN is closely 
related and partially overlaps with neural networks serving executive, social, affective and 
motivated behaviour (Thayer and Brosschot 2005). 
The output of the CAN is mediated through preganglionic sympathetic and 
parasympathetic neurons. These neurons innervate the heart via the stellate ganglia and 
vagus nerve, respectively. This input to the cardiac sino-atrial node produces the complex 
variability that characterizes the healthy heart rate time series (Saul 1990). Thus, the 
output of the CAN is directly linked to HRV.   
Several studies using PET and fMRI showed that TMS over the DLPFC also 
influenced brain regions synaptically interconnected with it, for instance the ACC or the 
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 insula (e.g. Paus 1999, Bohning et al. 1999). We assumed that it is possible to affect parts 
of the CAN by stimulation the DLPFC and to study the effects on the ANS.   
Thus in Study 2 of the present thesis the influence of low-frequency (1 Hz) rTMS 
over the DLPFC on the autonomic regulation of cardiovascular activity was investigated. 
Neuronavigated rTMS was applied to the left and right DLPFC, and a control site 
(vertex), respectively. The ECG was recorded during and after rTMS stimulation. We 
extracted the spectral parameters of HRV as indicators of sympathetic and 
parasympathetic activity of the ANS. Thus it was possible to test the impact of left and right 
prefrontal rTMS on the cortical control of the sympathetic and parasympathetic branches 
of the ANS separately and to elucidate the lateralization of this control.  Differential effects 
of rTMS over the left and right DLPFC on sympathetic and parasympathetic parameters of 
the HRV were expected. 
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 2  Study 1:  Effects of Transcranial Magnetic Stimulation over the Dorsolateral 
Prefrontal Cortex on the Inhibition of Initiated Responses 
2.1  Introduction 
A simple, albeit highly demanding form of cognitive control, is the complete 
suppression of an initiated response when unanticipated changes in the environment 
require an adjustment of behaviour. In recent years, a growing number of studies were 
devoted to the investigation of the underlying neural substrates of this kind of inhibitory 
cognitive control (for a review, see Aron et al. 2007). 
In laboratory settings, inhibition of planned or already initiated actions is usually 
investigated by comparison of experimental conditions with and without finished response 
execution. Logan (1994) proposed the term 'active inhibition' for these kinds of inhibitory 
processes, which can be investigated with experimental paradigms such as the go/no-go 
task (e.g. Drewe 1975; Konishi et al. 1998) and the stop-signal paradigm (e.g. Lappin and 
Eriksen 1966; Logan 1994). Whereas the go/no-go task assesses inhibition of prepotent 
responses, the stop-signal paradigm measures inhibition of responses which are already 
initiated when the action has to be aborted. Thus, the stop-signal paradigm is associated 
with a higher load on inhibitory control than the go/no-go task (e.g. Rubia et al. 2001). It is 
based on a formal mathematical theory (Logan 1994), thereby providing a way to calculate 
the latency of the stopping process. This time span, which is called stop signal reaction 
time (SSRT) is defined as the time span which is needed to inhibit an already initiated 
motor response to a previously presented go-stimulus.  
Neuroimaging and neuropsychological lesion studies have suggested that a 
distributed neural network in the right hemisphere, which consists of inferior frontal gyrus 
(IFG), middle frontal gyrus (MFG), inferior parietal cortex, anterior cingulated cortex and 
medial pre-SMA/SMA, are the anatomical substrates of active inhibitory control (Garavan 
et al. 1999; Kawashima et al. 1996; Konishi et al. 1999; Rubia et al. 2003; Swainson et al. 
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 2003). Furthermore, subcortical structures (e.g., the basal ganglia) are also assumed to 
contribute to inhibitory processes (e.g., Gauggel et al. 2004; van den Wildenberg et al. 
2006) as well as the subthalamic nucleus (STN) (Aron and Poldrack 2006). 
The aim of the present study was the investigation of the role of the DLPFC for the 
inhibition of initiated responses. We used single-pulse Transcranial Magnetic Stimulation 
(TMS) as a non-invasive method of induction of a transient perturbation of the targeted 
cortical region (e.g. Pascual-Leone et al. 1999). TMS was applied over the left, right or 
bilateral DLPFC at different time points following the stop signal in a stop signal inhibition 
task to elucidate the functional role of the DLPFC during response abortion and to 
understand the time course of its involvement. We hypothesized a differential influence of 
TMS on the SSRT depending both on the location and the time point of stimulus 
application.  
 
2.2 Methods 
2.2.1 Participants 
20 healthy male participants were included in the study (mean age 24.7 ±  2.7), all 
of which were right-handed according to the Edinburgh Handedness Inventory (Oldfield 
1971) (mean handedness score 96) and had normal or corrected-to-normal vision. None of 
them had a history of neurological, psychiatric or other major medical disorders. Written 
informed consent was obtained from all participants. Participants were paid for study 
participation. The research protocol was in accordance with the Declaration of Helsinki and 
approved by the Ethics Committee of the Medical Faculty of the RWTH Aachen University.  
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 2.2.2 Stop-Signal-Paradigm 
2.2.2.1 Apparatus and Stimuli 
The stimuli for the choice reaction time (CRT) task were a square (2.5 cm edge 
length) and an equilateral triangle (2.5 cm side length). Participants were seated 
approximately 50 cm in front of a computer screen (17”) and were asked to respond to the 
presented stimuli by pressing one of the two response buttons with the index or middle 
finger of their right hand. As stop signal criterion stimulus colour was used: if the colour of 
the visual stimuli stayed black throughout the trial, subjects had to perform a choice 
reaction time task. A visual stop signal was used instead of an auditory stop signal to 
prevent interference with TMS noise. However, if at any time of the trial the stimulus turned 
red, subjects had to inhibit the response of pressing a mouse button. The onset of the stop 
signal was systematically varied (for details, see next chapter 2.2.2.2).   
 
2.2.2.2 Design and procedure 
The stop-signal-paradigm was composed of two different trial types, go-trials and 
stop trials. Each trial lasted for two seconds. The go-trials, which made up 70 % of the 
stimulus trials, were part of a simple CRT task in which participants had to discriminate a 
black square and a black triangle. Each go-trial started with the presentation of a small 
black fixation cross (2 cm beam length) in the center of the white screen for 500 ms in 
order to focus the attention of the participants. Immediately thereafter, one of the two 
stimuli of the CRT task was presented for 500 ms. Square stimuli required pressing of the 
left response button, triangle stimuli were assigned to pressing of the right response 
button. The stop-trials, which comprised 30 % of all stimulus trials, differed from the go-
trials with respect to the stop signal (i.e., stimulus turned red) which was presented after 
the CRT task with a variable delay (stimulus onset asynchrony, SOA). 
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 The stop signal delay (stop-SOA) was set by a staircase-tracking algorithm 
(Kaernbach 1991) adapted to the response rate. The stop-SOA was independently 
adjusted such that participants achieved an inhibition rate of approximately 50 % (stop 
condition). The staircase-tracking algorithm started with a stop-SOA of 250 ms, which 
meant that the stop signal was presented 250 ms after the presentation of the CRT task. If 
participants successfully inhibited their response to the CRT task (stop condition), the SOA 
was increased by 50 ms in the next stop-trial, which increased task demands. If, however, 
participants failed to inhibit their response, the SOA was reduced by 50 ms in the stop-trial, 
increasing the chance of inhibition. After a period of adjustment, the stop-SOA varied 
around values most informative for the respective participants. The mean stop-SOA was 
used for further calculations. The SSRT, i.e. the time a person needs to inhibit an already 
initiated motor response, was then estimated by calculating the difference between the 
average RT on trials without stop signal (correctly answered go-trials) and the mean stop-
SOA. This procedure allows controlling for individual and group differences in the RT-
distribution and for tendencies to postpone responses to the CRT task. It provides a way of 
measuring inhibition (SSRT) by controlling the speed of responding to the go signal (Logan 
1994). This is relevant as slower response execution processes are easier to stop than 
faster ones at equivalent SOAs. 
Participants were tested in three sessions with different TMS coil positions (left 
DLPFC, right DLPFC, and bilateral DLPFC). The sequence of the sessions was balanced 
across participants. Each session lasted approximately 45 minutes. Testing time was 
about 20 minutes; the remaining time was needed for preparation, navigation of the TMS 
coils and for intermissions between task blocks.  
The structure of each session was identical: participants first performed two practice 
blocks of 30 trials each, during which the choice reaction task was introduced. An 
additional practice block consisting of 60 trials including stop signals was presented in 
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 order to familiarize participants with the task. Afterwards, participants performed four 
experimental blocks of 120 trials each. During the blocks single pulse TMS was applied 50 
ms, 100 ms or 150 ms after the stop signal or no TMS was administrated after the stop 
signal (control condition). Both the sequence of delay times and control trials as well as the 
sequence of go trials and stop trials were pseudo-randomized.  
Subjects were instructed to respond as fast as possible to the choice RT task while 
maintaining a high level of accuracy. They were told not to delay their responses in 
anticipation of the stop signal, but to make an effort to withhold the response if they 
detected the stop signal. Participants were informed that they would not always succeed in 
withholding the response to the choice RT task and that the computer would adjust to their 
efficiency, yielding a 50 % success rate approximately. 
 
2.2.3 TMS Stimulation 
Two Magstim 200 stimulator (Magstim Co., Dyfed, UK) equipped with figure-of-
eight-shaped coils (diameter 9 cm for each wing) were used to apply single pulse TMS. 
Coil handles were held tangentially to the skull during the session. The intensity of 
magnetic stimulation was set to 60 % of the stimulator output (maximum output 2 Tesla), 
since it has been argued that the motor threshold does not adequately represent the 
excitability of non-motor areas (Boroojerdi et al. 2002; Dambeck et al. 2006; Stewart et al. 
2001).  
TMS coils were positioned bilaterally over the left and right dorsolateral prefrontal 
cortex. Positions F3 and F4 of the International 10/20 EEG system were used to localize 
the left and right DLPFC (Herwig et al. 2003). Herwig et al. showed that F3/F4 reliably 
overlay the ventral part of the dorsolateral prefrontal cortex (particularly Brodmann area 9). 
In addition, we verified the location of the coil centre (i.e., F3, F4) using structural magnetic 
resonance imaging (MRI). The electrode positions F3 and F4 were marked using Vitamin 
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 E capsules visible on the MRI scans and T1-weighed anatomical MRI scans were acquired 
at 1.5T (Phillips Gyroscan Intera T15). During stimulation single pulse TMS was applied 50 
ms, 100 ms or 150 ms after the stop signal, respectively. In three consecutive blocks left, 
right or bilateral DLPFC was stimulated. The order of TMS application was systematically 
balanced across participants. 
 
2.2.4 Data analysis 
At the behavioural level, the standard parameters of the stop-signal paradigm were 
determined. Assumptions for statistical analysis were checked according to the 
recommendations of Tabachnick and Fidell (1996). All data were screened for deviation 
from normality, for outliers and for homogeneity of variance. 
Effects of TMS were evaluated using repeated measures ANOVA with type of 
stimulation (TMS/no TMS) and site of stimulation (left/right/bilateral) as factors. To assess 
the modulation of TMS effects by the time point of stimulation, a repeated measure 
ANOVA with factors site of TMS stimulation (left/right/bilateral) and time point of TMS 
stimulation (50 ms/100 ms/150 ms) was additionally computed. Analyses were conducted 
for dependent variables SSRT and the probability of successful inhibition in the stop trials 
and mean reaction time in the go trials separately. Also the number of correct responses in 
the go trials was analysed. 
Post-hoc analyses of mean differences were conducted using Newman-Keuls test. 
Greenhouse-Geisser correction was applied when data sphericity was violated. Effect 
sizes are reported as partial eta squared (ηp2). 
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 2.3 Results 
One of our 20 participants was excluded from analysis due to technical difficulties. 
Thus, results of 19 participants (mean age 24.8 ± 2.8) are reported. Means and standard 
deviations of probabilities of inhibition, MRT in correct go trials, and SSRTs are reported in 
Table 1. 
 
Table 1: Probability of inhibition, and stop signal reaction time (SSRT) for trials with and 
without TMS stimulation. Mean reaction time (MRT) in correct go-trials. SSRT separated 
for stimulation 50 ms, 100 ms and 150 ms after stop signal. 
 
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 
        RIGHT       LEFT            BILATERAL 
      M   SD    M   SD    M   SD 
   ⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 
 
Probability of inhibition  
without TMS    0.49  0.04  0.50  0.04  0.50  0.04 
with TMS    0.50  0.03  0.50  0.02  0.51  0.03 
 
MRT in correct go trials [ms]  
without TMS     504   62   501   63   501   65  
 
SSRT [ms] 
without TMS     255   36   280   40   271   45 
with TMS   50 ms    235   32   267   42   240   48 
with TMS 100 ms    234   30   268   46   263   38 
with TMS 150 ms    255   27   261   42   267   34 
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 
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 The probability of inhibition did not differ between conditions with and without TMS 
stimulation and was not affected by the site of stimulation (F2,17 = 0.62; p = 0.54; ηp2  = 
0.03). This indicates that the staircase-tracking algorithm was not influenced by TMS 
stimulation and site of stimulation, a necessary prerequisite for interpretation of the results.  
There was no significant difference in mean go reaction times (MRT) across the different 
TMS stimulation conditions (F2,38 = 0.62; p = 0.54; ηp2 = 0.033). There were also no 
differences regarding number of correct go trials (F2,38 = 0.34; p = 0.72; ηp2 = 0.04), MRTs 
of go trials (F2,38 = 1.24; p = 0.30; ηp2 = 0.06) and number of successful inhibitions (F2,38 = 
2.18; p = 0.13; ηp2 = 0.10) between the three experimental sessions (TMS left/ TMS right/ 
TMS bilateral). 
 
SSRT was significantly shortened by TMS (main effect type of stimulation: F1,18 = 
8.37; p = 0.01; ηp2 = 0.32). ANOVA indicated that the effect was dependent of TMS site 
(main effect site of stimulation: F2,17 = 4.27; p = 0.02; ηp2 = 0.19). The difference between 
TMS stimulation and control condition without TMS was similar at the three stimulation 
sites (interaction type x site was not significant (F2,17 = 0.02; p = 0.98; ηp2 = 0.001)). See 
figure 1 for details. 
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Figure 1: Stop Signal Reaction Time (SSRT) (in milliseconds) in trials with single pulse 
TMS compared to trials without TMS. Data suggest a facilitation of SSRT by TMS after 
stimulation of the left, right or bilateral DLPFC. SSRT was shortest after right stimulation. 
 
There was a significant influence of TMS site of stimulation and time point of 
stimulation on SSRT during the TMS condition (F4,15 = 2.81; p = 0.03; ηp2 = 0.135). There 
was no effect of the factor “time point” during left DLPFC stimulation, but there was a 
shorter SSRT after stimulation of the right DLPFC 50 ms and 100 ms after the stop signal 
compared to left DLPFC stimulation and a shorter SSRT after bilateral stimulation at 50 
ms. For the time point 150 ms after the stop signal, there was no significant influence on 
the SSRT over all stimulation sites. See figure 2. 
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Figure 2: SSRT in trials with single pulse TMS stimulation. SSRT was significantly shorter 
after right DLPFC stimulation 50 ms or 100 ms after the stop signal. Bilateral stimulation 
facilitates SSRT 50 ms after the stop signal. There is no significant influence of TMS 
stimulation site on SSRT 150 ms after stop signal. 
 
To investigate changes during the time course of the experiment, MRT and SSRT 
were compared within the four experimental blocks averaged for the three stimulation sites 
separately. No interaction effect was found for the MRT (ANOVA with factors “site” 
(left/right/bilateral) and “block” (1/2/3/4) was not significant (F6,108 = 0.63; p = 0.71; ηp2 = 
0.034). In contrast, the ANOVA using the same factors and SSRT as dependent variable 
revealed significant main effects for the factor “site” (F2,38 = 5.4; p = 0.009; ηp2 = 0.23) and 
“block” (F2.16,38.8 = 6.91; p = 0.002; Greenhouse-Geisser ε = 0.72; ηp2 = 0.28). SSRT was 
shorter in the third and fourth block compared to the first and second one (see Figure 3). 
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Figure 3: SSRT during TMS averaged over three stimulation sites and depicted for four 
experimental blocks. SSRT during blocks 3 and 4 was shorter than during blocks 1 and 2. 
 
These results suggested a facilitation of stop inhibition performance by TMS 
particularly 50 ms and 100 ms after the stop signal. The effect was stronger during right 
TMS stimulation compared to left and bilateral TMS. It was stronger in the third and fourth 
experimental block compared to the first and second block.  
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 2.4 Discussion 
The purpose of the present study was to further investigate the neural 
implementation of response inhibition in the human brain. Single-pulse TMS was applied 
over the left, right or bilateral DLPFC 50 ms, 100 ms or 150 ms after the stop signal in a 
stop signal inhibition task to elucidate the functional role of the DLPFC during stopping and 
to understand the time course of its involvement. An acceleration of inhibition of initiated 
responses was observed in all TMS conditions compared to the control condition without 
TMS. The effect was significantly more pronounced during stimulation over the right 
DLPFC 50 ms and 100 ms after the stop signal. 
The finding of a significant shortening of SSRT after TMS stimulation over the right 
DLPFC compared to SSRT in trials without TMS stimulation and TMS stimulation over the 
left DLPFC suggests that the right DLPFC is contributing to the inhibition of already 
initiated responses. This is in good accordance with several prior studies which 
demonstrated an involvement of the right prefrontal cortex in inhibitory cognitive control. 
Neuroimaging studies reported activations in the MFG and superior frontal gyrus, 
particularly in the DLPFC (Brodmann areas 9 and 46) (e.g. Boecker et al. 2007; Garavan 
et al. 1999; Li et al. 2006) as well as in the IFG (Garavan et al. 1999; Rubia et al. 2001; 
Rubia et al. 2003; Kiefer et al. 1998). Correspondingly, Rieger et al. (2003) found a more 
pronounced deficit in response inhibition in patients with frontal lesions compared to 
patients with non-frontal lesions or orthopaedic controls.  
Aron et al. (2003) extended this finding by identifying the right inferior frontal gyrus 
as a crucial area in response inhibition. In a sample of brain damaged patients there was a 
high correlation between lesion volume within the right inferior frontal gyrus and inhibitory 
performance (r = .83). Chambers et al. (2006) used repetitive TMS (rTMS) (1 Hz for 15 
minutes) to compare the influence of both IFG and MFG on inhibition of an ongoing 
response. Disruption of IFG activity by rTMS affected inhibition performance compared to 
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 sham stimulation but performance was not affected by the disruption of MFG activity. 
Further evidence for the role of the DLPFC comes from results of Boecker et al. (2007). 
They investigated the involvement of DLPFC in response inhibition with near infrared 
spectroscopy (NIRS) over the F3 and F4 positions. Changes in cerebral blood oxygenation 
were more pronounced in the right than in the left DLPFC. 
Our data showed a general facilitation effect of inhibition on the right site not only for 
the TMS trials but also for the non-TMS control condition. This can most likely be 
explained by our experimental design. TMS and non-TMS trials were mixed in a pseudo-
randomized fashion during the three experimental sessions (left/right/ bilateral). We 
assume that single pulse TMS effects accumulated over time. Thus the side specific effect 
was also visible during the non-TMS trials. This finding could be of interest for TMS 
research in general.  
The effect of TMS was most pronounced 50 ms and 100 ms after the stop signal. 
We argue that the DLPFC is involved in fast supportive processes of cognitive control 
following directly after the stop signal. They could be related to attention, action-selection 
or task-switching (for review see Ridderinkhof et al. 2004). For instance Vanderhasselt et 
al. (2006) showed that it is possible to improve intentional set switching by TMS. 
The data of the present study broaden the view on inhibition implementation in the 
brain by showing that dorsolateral prefrontal areas are at least associated with inhibitory 
processes. Interestingly, the present study found a facilitation of stop signal performance 
through single pulse TMS. Although single pulse TMS is more commonly associated with 
worsening of behavioural performance in cognitive experiments, facilitatory effects have 
been reported for other paradigms as well (e.g. Mottaghy et al. 2006).  
Further investigations could also investigate the effect of single pulse TMS on other 
brain regions relevant for inhibition, e.g. the IFG and compare it to the DLPFC stimulation. 
Alternative experimental designs should include a real sham condition to answer the 
 25
 question whether the TMS-delay effects are due to facilitated inhibitory performance or to 
sensory artifacts. Sensory artifacts accompanying TMS stimulation may lead to 
intersensory facilitation (i.e., as it has previously been demonstrated that redundant targets 
in two modalities are processed faster than a single target in one modality (Miller 1982; 
Schröger and Widmann 1998)). When the stop signal is detected faster or the signal is 
more salient, stop-signal reaction time will be shorter (see e.g., Boucher, Palmeri, Logan 
and Schall 2007). Intersensory facilitation could be an alternative explanation of the strong 
effect during the first 100 ms. This interpretation would imply that TMS does not influence 
the inhibitory process itself but merely the processes that trigger the inhibitory process. 
Without a sham condition it is not easy to distinguish between stop signal detection and 
stop-signal inhibition.  
Further studies should use MRI or fMRI guided neuronavigated TMS to improve 
accuracy of coil positioning (Sparing et al. 2007). 
Our data suggested that TMS holds the potential to increase performance in a stop signal 
task. However, whether this finding maybe is of therapeutic or diagnostic value needs 
further investigation. In several diseases accompanied by disorders of inhibition of ongoing 
responses e.g. attention deficit hyperactivity disorder (ADHD) (e.g. Konrad et al. 2000; 
Lampe et al. 2007), Parkinson’s disease (e.g. Gauggel et al. 2004), schizophrenia (e.g. 
Badcock et al. 2002) or frontal brain damage (e.g. Aron et al. 2003; Rieger et al. 2003) 
other therapeutic interventions could be supported by add-on TMS over the right DLPFC 
(for a review concerning therapeutic use of TMS see Ridding and Rothwell 2007).  
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 3         Study 2:  Differential Involvement of Left and Right Dorsolateral Prefrontal 
Cortex in Cortical Control of the Autonomic Nervous System 
3.1 Introduction 
The cortical control of the autonomic nervous system (ANS) has been the subject of 
a number of recent studies (Critchley 2005; Thayer and Brosschot 2005; Verberne and 
Owens 1998). A crucial role within this network is assumed for the medial prefrontal 
cortex, the anterior cingulate cortex and insula regions, which are reciprocally 
interconnected with subcortical brain regions directly related to the tone of the ANS, e.g. 
hypothalamus, midbrain, pons and medulla oblongata (Critchley 2005; Thayer and 
Brosschot 2005; Verberne and Owens 1998).  
Heart rate variability (HRV) has proven to be an excellent parameter to investigate 
influences on both, sympathetic and parasympathetic tracts of the ANS (Task Force of the 
European Society of Cardiology and the North American Society of Pacing and 
Electrophysiology [Task Force] 1996). This analysis incorporates Fast Fourier 
Transformation of time series of beat-to-beat time spans derived from the 
electrocardiogram (ECG). Sympathetic and parasympathetic activity of the ANS is 
represented in different frequency bands and can thus be considered separately (Task 
Force 1996). Previous studies suggested that prefrontal control of cardiovascular activity is 
mainly exerted through modulation of parasympathetic activity (Thayer and Brosschot 
2005). Decrease of prefrontal activity is related to a relative sympathetic dominance within 
the ANS, which can be pathogenic if sustained over long periods (for a review, see Thayer 
and Brosschot 2005). There is, furthermore, evidence for a lateralization of autonomic 
functions in general and cardiovascular control in particular. The sympathetic and 
parasympathetic branches of the ANS are influenced by the left and right hemisphere in a 
differential manner (Wittling et al. 1998a; Wittling et al. 1998b). However, previous studies 
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 reported correlative data which do not provide information on the functional significance of 
the aforementioned brain regions for central ANS control. 
We therefore investigated the influence of low-frequency (1 Hz) rTMS over the 
DLPFC on the autonomic regulation of cardiovascular activity. MRI guided rTMS was 
applied to the left and right DLPFC, and a control site (vertex), respectively. ECG was 
recorded during and after rTMS stimulation. We extracted the spectral parameters of HRV 
as indicators of the sympathetic and parasympathetic activity of the ANS. Thus it was 
possible to examine the impact of prefrontal rTMS on the cortical control of the 
sympathetic and parasympathetic branches of the ANS separately. We expected a 
differential effect of rTMS over the left and right DLPFC on sympathetic and 
parasympathetic parameters of the HRV. 
 
3.2 Methods 
3.2.1 Participants 
A total of 18 male participants (mean age 26.8 years, range 23-41 years) were 
included in the experiments. All of them were healthy right-handed normal volunteers. 
Handedness was assessed using the Edinburgh Handedness Inventory (Oldfield 1971). 
None of the participants had a history of cardiac, cardiovascular or neurological disorders, 
including seizures. None of them was taking any medication that would interfere with 
cardiac autonomic function. The protocol was approved by the Ethics Committee of the 
Medical Faculty of the RWTH Aachen University and all subjects gave their informed 
consent. 
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 3.2.2 ECG recording 
Participants were seated in a reclining armchair and fitted with Ag-AgCl adhesive 
disposable electrodes. The ECG was recorded by means of lead II, Einthoven. ECG was 
sampled at 1 kHz and continuously recorded using a computer-based data acquisition 
system (Powerlab, AdInstruments Co., USA).  
 
3.2.3 TMS protocol 
rTMS was applied using a magnetic stimulator (Magstim SuperRapid, Magstim Co., 
Dyfed, UK) equipped with a figure-of-eight coil (outer diameter 9 cm). The magnetic 
stimulator was triggered by an external device (Master 8 Trigger unit, AMPI, Jerusalem, 
Israel) at a frequency of 1 Hz for 8 minutes (total number of stimuli 480). The intensity of 
magnetic stimulation was set to 60 % of the stimulator output (maximum output 2 Tesla). 
In the main experiment (n=10) three stimulation sites were tested: I. left DLPFC 
(Brodmann Area (BA) 46), II. right DLPFC (also BA 46), and III. vertex as a control site. 
The order of TMS application was systematically balanced across participants. ECG 
recording covered the whole period of rTMS and continued 6 minutes after the cessation 
of the rTMS train. There was a recreation period of at least 25 minutes between the rTMS 
trains. 
Prior to each experiment, we acquired an anatomical T1-weighted MRI-scan of 
each participant’s brain to account for interindividual variation of the location of the DLPFC 
(BA 46) (see Figure 4). A MRI-based stereotaxic neuronavigation system (Localite GmbH, 
Bonn, Germany) was used to position the coil precisely over the different target sites. The 
system also allowed monitoring the coil position online during the delivery of rTMS 
(Sparing et al 2007).  
MRI scans were normalized using the T1 template (ICBM-152) supplied with SPM2 
software package (http://www.fil.ion.ucl.ac.uk/spm) to obtain x,y,z coordinates in standard 
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 stereotaxic space (i.e., MNI space). Using in-house software to transform individual 
coordinates to MNI coordinates, we computed x = -41, y = 43, z = 20 and x = -42, y = 43, z 
= 20 to match our averaged left and right stimulation site, respectively. 
 
  
  
Figure 4:  rTMS sites over the left dorsolateral prefrontal cortex (DLPFC, Brodmann Area 
46) of the 10 subjects. rTMS was also applied over the corresponding homologue position 
of the right hemisphere. Left DLPFC was stimulated on site x=-42; y=43, z=20 and right 
DLPFC on x=43; y=42; z=21] on average (MNI coordinates, see methods section); third 
stimulation site was vertex. 
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 3.2.4 Control experiment  
As a control, 8 participants were stimulated over the vertex (position Cz according 
to the International 10-20 system for EEG electrode positioning). In this experiment 
participants were stimulated first for 8 minutes using sham rTMS (vertex sham); after a 
pause of 10 minutes real rTMS was applied for another 8 minutes (vertex real). Stimulation 
parameters were the same as in the main experiment. For sham stimulation, the figure of 
eight-shaped coil was held perpendicular to Cz which ensured that subjects could hear the 
characteristic clicking noise produced by the electrical discharge, but prevented any 
effective modulation of brain function. ECG was recorded in the same manner as 
described above. An additional baseline was, however, recorded comprising 6 minutes of 
ECG during a relaxation period before rTMS. The order of stimulation was the same for all 
subjects.  
 
3.2.5 Power spectrum analysis of heart rate variability (HRV) 
To compare the ECG data acquired during TMS stimulation across the different 
stimulation sites, the first 6 minutes of the ECG signal during each condition of interest 
were used for analysis. Subsequently, a 6 minute period after the stimulation was 
analysed in the same way. 
In all cases, the ECG raw data was examined regarding obvious movement artifacts 
and ectopic beats. No abnormalities were seen however. A peak detection algorithm 
determined the position of the R-waves. The R-R intervals were calculated as the time 
interval between two consecutive R-waves. These corresponding time series were again 
examined for possible artifacts, both manually and by means of an automatic detection 
algorithm (inhouse software package). For the power spectrum analysis procedures, the 
R-R interval data were imported into a software package (The Biomedical Signal Analysis 
Group, Department of Applied Physics, University of Kuopio, Finland) which allows the 
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 computation of Fast Fourier Transformation (FFT). As a first computational step, the data 
were re-sampled at 4 Hz to obtain equidistant time series values. Prior to calculating the 
FFT, time series data were linearly detrended and filtered using a Hanning window. Then a 
power spectrum density (calculated as ms2/Hz) was obtained through FFT of the 
tachogram. The integral of the power spectrum was assessed in two major frequency 
bands: the high-frequency region (HF, 0.15 – 0.4 Hz) and the low-frequency band (LF, 
0.04 – 0.15 Hz). We used HF-power, expressed in normalised units (HFnu) as an index of 
parasympathetic cardiac activity, LF-power (LFnu) as an index of sympathetic activity and 
LF/HF ratio as an index of sympathovagal balance (Task Force, 1996).  
 
3.2.6 Statistical analysis 
Repeated measure ANOVAs were calculated for each frequency band (LFnu, 
HFnu) and the LF/HF ratio separately with stimulation site as a three level factor (left, right, 
vertex) to analyse the main experiment. For the control experiment repeated measure 
ANOVAs were calculated for each frequency band (LFnu, HFnu) and the LF/HF ratio 
separately with stimulation condition as a three-level factor (without TMS, sham TMS, real 
TMS).  
Post hoc analyses were carried out with Newman-Keuls tests. Effect sizes are 
reported as partial eta-squared (ηp2). The mean heart rate was analysed for each condition 
separately.  
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 3.4 Results 
3.4.1 Main experiment 
Statistical results presented here were revealed by ANOVA. Figure 5a and figure 6a 
show the effects of rTMS over the different stimulation sites during rTMS. In the HFnu 
band there were significant differences between the stimulation sites (F2,18 = 6.28; p = 
0.009; ηp2 = 0.41). During stimulation of the left DLPFC, activity in the HFnu frequency 
band was significantly increased compared to the stimulation of the contralateral 
homologue and to the vertex stimulation.   
In the LFnu Band the opposite pattern of activity was observed. While rTMS was 
applied to right DLPFC, activity in the LFnu frequency band was higher compared to the 
stimulation of left DLPFC and vertex stimulation, respectively. The effect was statistically 
significant (F2,18 = 6.30; p = 0.008; ηp2 = 0.41). 
The LF/HF ratio showed a pattern of activity comparable to the LFnu band. During 
stimulation of the right DLPFC, the LF/HF ratio was significantly increased compared to 
the opposite (i.e. left) site and vertex stimulation (F2,18 = 6.28; p = 0.009; ηp2 = 0.39). 
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Figure 5: Results of the main experiment: spectral power in the LFnu Band, HFnu Band 
during rTMS stimulation (a) and following rTMS (b) over the left DLPFC, right DLPFC and 
the vertex. rTMS over left DLPFC revealed a significantly decreased activity in the LFnu 
frequency band, which is related to the sympathetic branch of the ANS. The 
parasympathetic activity related HFnu band showed an increase during and after left site 
stimulation. rTMS over the right DLPFC showed an inverse effect: HFnu band was 
decreased, LFnu band was decreased. This indicates an opposite pattern of 
sympathovagal balance during and following rTMS over left and right DLPFC.  * p<0.05 in 
post hoc test (Newman-Keuls) 
 
The HRV analysis of the 6 minutes block of ECG measurement following rTMS 
revealed the same results pattern (see figure 5b and 6b). In the HFnu frequency band 
activity was higher after stimulation over the left site compared to the right and vertex (F2,18 
= 6.87; p = 0.008; ηp2 = 0.42). In the LFnu band the effect was inverted. The activity was 
higher after right compared to left and vertex stimulation (F2,18 = 6.95; p = 0.008; ηp2 = 
0.43). Also the LF/HF ratio was higher after right rTMS compared to the left and vertex 
stimulation (F2,18 = 6.48; p = 0.008; ηp2 = 0.41). This finding indicates that the effect of 
prefrontal rTMS on HRV even outlasted the actual stimulation period.  
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 Overall, no significant differences for the mean heart rate were observed during the 
stimulation conditions (F2,18 = 0.70; p = 0.51; ηp2 = 0.07). 
 
 
 
Figure 6: Results of the main experiment: LF/HF ratio during rTMS stimulation (a) and 
following rTMS (b) over the left DLPFC, right DLPFC and the vertex. rTMS over left 
DLPFC revealed a significantly decreased activity in the LFnu ratio, which is related to the 
sympathetic branch of the ANS. This indicates a rTMS stimulation effect on the 
sympathovagal balance during and following rTMS over left and right DLPFC. * p<0.05 in 
post hoc test (Newman-Keuls) 
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 3.4.2 Control experiment 
We observed no differences between all three conditions, i.e. baseline, sham 
stimulation, and real TMS in all three frequency bands (ANOVA results: HFnu (F2,18 = 0.61; 
p = 0.49; ηp2 = 0.08); LFnu; (F2,18 = 0.80; p = 0.51; ηp2 = 0.09); LF/HF (F2,18 = 0.75; p = 
0.49; ηp2 = 0.07)). This result is in contrast to the findings of Yoshida et al. (Yoshida et al. 
2001) who reported an increased sympathetic activity during 0.2 Hz rTMS over the vertex, 
which could, however, be explained by the different methods used (stimulation frequency, 
in particular). 
 
3.5 Discussion 
The main finding of our study was a differential neuromodulatory effect of ‘inhibitory’ 
low-frequency (1 Hz) rTMS applied to the left and right DLPFC on HRV as an indicator of 
ANS activity. The results of the control experiment make an unspecific effect of rTMS 
unlikely. The dissociation was expressed in different frequency-domain parameters of HRV 
- left-sided stimulation increased parasympathetic activity and attenuated the sympathetic 
branch of the human ANS. To the contrary, rTMS applied to the right prefrontal cortex 
enhanced sympathetic activity and decreased parasympathetic activity. Thus a double 
dissociation of sympathovagal balance was observed. Our data extend the results of the 
few previous reports, which used rTMS to investigate the influence of (sub-)cortical 
structures in the regulation of ANS activity, by demonstrating a bi-hemispheric control of 
ANS activity. In an animal study, 10 Hz rTMS decreased blood pressure and heart rate in 
urethane anaesthetized Wistar-Kyoto rats (Hong et a.l 2002). Yoshida and coworkers 
(2001) described transiently increased LF power following real rTMS but not sham 
stimulation at a frequency of 0.2 Hz over the vertex (i.e. Cz electrode position). Their data 
suggest that low-frequency rTMS activates the sympathetic ANS. In humans, Jenkins et al. 
(2002) described a side-specific impact of rTMS on mean arterial blood pressure, which 
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 decreased after left, but not after right prefrontal rTMS (1 Hz). Whereas the result of this 
study is compatible with the view that the left hemisphere is crucially involved in 
parasympathetic nerve tone regulation, corresponding results for the right hemisphere are 
not available so far. Likewise, Udupa et al. (2007) stimulated patients with major 
depression with high-frequency (15 Hz) rTMS over the left DLPFC for 2 weeks. In addition 
to an antidepressant effect, a significant reduction of sympathetic-parasympathetic ratio as 
an indicator of an improved sympathovagal balance was depicted - parasympathetic 
activity was increased, sympathetic activity was decreased. Our findings suggest that the 
parasympathetic ANS regulation, which is mainly represented in the left hemisphere, is 
complemented by a counterbalanced regulation of the sympathetic nerve tone through 
right frontal areas. Overall, our results support the hypothesis of an interhemispheric 
balance of central ANS control, which is in line with current concepts of interhemispheric 
interaction in other domains, e.g. motor function (e.g. Duque et al. 2007), visuospatial 
attention (e.g. Dambeck et al. 2006; Kinsbourne1977) and language (e.g. Friederici et al. 
2007). 
In general, low-frequency rTMS (<=1 Hz) is known to reduce cortical excitability 
(e.g. Romero et al. 2002; Sparing et al. 2001), thereby interfering with cognitive processing 
during and beyond the duration of the stimulation train itself (Pascual-Leone et al. 2000; 
Chen et al. 1997; Romero et al. 2002). rTMS allows to target a circumscribed brain area at 
a reasonable resolution of a few square centimeters. Nevertheless, it has to be taken into 
account that a rTMS train may also manipulate the neural activity in brain areas 
synaptically interconnected with the target area as demonstrated using PET (e.g. Paus 
1999) and fMRI (e.g. Bohning et al. 1999). The DLPFC is indeed closely connected to the 
core brain structures that are thought to mediate central ANS control, i.e. the medial 
prefrontal cortex, the anterior cingulate cortex, and the insula (Paus et al. 2001). As these 
regions cannot be targeted directly by TMS due to technical limitations at present, it 
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 remains a challenge to further differentiate their role within the cortical network which 
influences the tone of the ANS. However, the strong functional connection between 
DLPFC and the remaining central ANS system has been shown in several neuroimaging 
studies. Knoch and coworkers (2006) reported changes of regional cerebral blood flow 
(rCBF) following 1 Hz rTMS over the left and right DLPFC in the left and right anterior 
cingulate cortices. In a combined rTMS and PET experiment, Paus et al. (2001) described 
a modulatory effect of rTMS over the left mid-dorsolateral frontal cortex on fronto-cingulate 
brain activity. Likewise, an increased rCBF was observed following 1 Hz rTMS over the 
right DLPFC in the ipsilateral ACC, the ipsilateral medial prefrontal cortex and the 
contralateral ventrolateral PFC (Ohnishi et al. 2004). The left DLPFC rTMS was also found 
to be associated with marked activity changes in the serotonin transmitter system in limbic 
areas, with significantly lower values in the left parahippocampal gyrus and the right insula, 
and higher values in the right cingulate gyrus (Sibon et al. 2007). In summary, these 
studies point to the potential impact of prefrontal rTMS on networks responsible for the 
regulation of the ANS such as the ACC, medial prefrontal cortex, and the insula. It could 
be hypothesised that in our study the rTMS effects on the ANS were rather mediated by 
these mechanisms than by a transient “virtual lesion” (Pascual-Leone et al. 2000; Chen et 
al. 1997; Romero et al. 2002) of the DLPFC.    
The DLPFC plays an important role in several cognitive and emotional processes, 
such as attention, decision making and working memory. Regarding the regulation of 
autonomic nervous functions, the involvement of DLPFC in cognitive control and inhibition 
is of high relevance (Boecker et al. 2007; Thayer and Brosschot 2005; Roberts and Wallis 
2000). We speculate that the DLPFC could also integrate information processing with the 
viscerosensory regulation of the ANS (Thayer and Brosschot 2005).   
Our results are valid for cardiac autonomic activity expressed in frequency-domain 
parameters of heart rate variability. The combination of rTMS with other autonomic 
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 parameters, e.g. blood pressure, electrodermal activity or pupil diameter may represent an 
interesting goal for future studies. Further investigations should also include a control for 
breathing (because the HF band often correlated with breathing) and a better control of 
mood (because several studies with rTMS showed an influence on mood depending of the 
site of stimulation). In our study participants were asked for mood after every stimulation 
session and reported no mood changes. This finding needs verification by visual analogue 
scales or questionnaires. 
Another critical point is the crossover design with different rTMS conditions applied 
in one session including only brief intervals (at least 25 minutes as stated). This is a clear 
limitation of the present study. Thus, carry-over effects may occur and further studies 
should avoid this confound. 
To the best of our knowledge, we demonstrated for the first time an association of 
the left and right DLPFC and the autonomic nervous system tone, suggesting an 
interhemispheric balance for central ANS regulation analogous to bihemispheric 
complementary networks involved in other cortical domains. Further studies in healthy 
participants as well as in patients with neuropsychiatric diseases are needed to investigate 
if the modulatory effects of rTMS can be used therapeutically to correct, for instance, 
pathological imbalances of sympathovagal regulation related to psychosomatic and 
psychopathological states (Thayer and Brosschot 2005).  
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 4 General Conclusion and Future Perspective 
With TMS it is possible to influence the activity of cortical structures and to 
investigate the effects on behaviour. In the present thesis the impact of TMS over the 
prefrontal cortex, particularly the DLPFC, on the inhibition of initiated responses, an 
important part of cognitive control functions, and on the sympathetic and parasympathetic 
branches of the autonomic nervous system was investigated. The prefrontal cortex is 
involved in these functions but the exact role of the left and right DLPFC is still unclear. 
An important aim of Study 1 was the investigation of the role of the DLPFC for the 
inhibition of initiated responses. Single-pulse TMS was applied over the left, right or 
bilateral DLPFC at different time points following the stop signal in a stop signal inhibition 
task to elucidate the functional role of the DLPFC during response abortion and to 
understand the time course of its involvement. An acceleration of inhibition of initiated 
responses was observed in all TMS conditions compared to the control condition without 
TMS. The effect was significantly more pronounced during stimulation over the right 
DLPFC 50 ms and 100 ms after the stop signal. Right DLPFC seems to be involved in 
inhibition of initiated responses. 
The aim of the second study was the investigation of the influence of low-frequency 
(1 Hz) rTMS over the DLPFC on the control and regulation of ANS activity, particularly 
cardiovascular activity. MRI guided rTMS was applied to the left and right DLPFC, and a 
control site (vertex), respectively. ECG was recorded during and after rTMS stimulation. 
Spectral parameters of HRV were extracted as indicators of the sympathetic and 
parasympathetic activity of the ANS. Thus it was possible to study the impact of prefrontal 
rTMS on the cortical control of the sympathetic and parasympathetic branches of the ANS 
separately. The main finding of the experiment was a differential neuromodulatory effect of 
low-frequency rTMS applied to the left and right DLPFC on HRV as an indicator of ANS 
activity. Left-sided stimulation increased parasympathetic activity and attenuated the 
sympathetic branch of the human ANS. To the contrary, rTMS applied to the right 
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 prefrontal cortex enhanced sympathetic activity and decreased parasympathetic activity. 
Thus a double dissociation of sympathovagal balance was observed. It was possible to 
manipulate sympathetic and parasympathetic ANS activity separately by TMS.  
There are several suggestions for further investigations. In the present thesis two 
aspects of DLPFC function and its manipulability were investigated separately in two 
experimental studies. But the effect of TMS over the left and right DLPFC on inhibition and 
on the ANS activity could be part of a combined study. Before, during and after TMS 
stimulation both a stop signal task could be performed and HRV could be measured. The 
relationship between both dependent variables could be studied to further analyse the 
interconnection of inhibition, cognitive as well as emotional prefrontal functions, and its 
integration with ANS mediated body processes (see Thayer and Brosschot 2005).  
The results of the thesis could be validated by a replication with transcranial direct 
current stimulation (tDCS) instead of TMS. tDCS enables the modulation of cortical activity 
by a small current (about 1 mA) applied over the scalp. The basic underlying mechanism is 
a shift in the resting membrane potential towards either hyper- or depolarisation, 
depending on stimulation polarity. Anodic stimulation increases cortical excitability, while 
cathodic stimulation decreases it. These changes persist after the end of stimulation up to 
one hour if the stimulation lasts at least several minutes. tDCS allows a reversible, pain-
free, and non-invasive induction of changes in cortical excitability with fewer side effects 
than TMS and with the possibility of a sham stimulation not distinguishable from verum 
stimulation (Nitsche et al. 2002). This could solve methodological problems affecting the 
studies of the present thesis (see chapter 2.4 and 3.5).  In addition, tDCS is easier to apply 
and cheaper than TMS and thus well suitable for clinical use. 
Whether the findings of this thesis are of therapeutic or diagnostic use needs also to 
be investigated. In several diseases accompanied by disorders of inhibition of ongoing 
responses, e.g. attention deficit hyperactivity disorder (ADHD) (e.g. Konrad et al. 2000; 
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 Lampe et al. 2007), Parkinson’s disease (e.g. Gauggel et al. 2004), schizophrenia (e.g. 
Badcock et al. 2002) or frontal brain damage (e.g. Aron et al. 2003; Rieger et al. 2003), 
other therapeutic interventions could be supported by TMS over the right DLPFC.  
Further studies in healthy subjects as well as in patients with neuropsychiatric 
diseases are also needed to investigate if the modulatory effects of rTMS can be used 
therapeutically to correct, for instance, a pathological imbalance of sympathovagal 
regulation related to psychosomatic and psychopathological states, e.g. cardiac infarction 
or depression. Also tDCS should play a role in clinical studies because it provides a safer, 
cheaper and easier way to modulate cortical excitability than TMS. 
Thus the results of the present experimental thesis could help to develop clinical 
interventions to support the cure of several somatic, psychosomatic and mental diseases.    
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 5 Deutschsprachige Zusammenfassung 
Mit Hilfe der transkaniellen Magnetstimulation (TMS) ist es möglich, die Aktivität 
kortikaler Strukturen kurzzeitig zu beeinflussen und daraus resultierende Verhaltenseffekte 
zu untersuchen. In der vorliegenden Arbeit wurde der Einfluss von TMS auf Funktionen 
des Präfrontalkortex, insbesondere des dorsolateralen Präfrontalkortex (DLPFC) 
experimentell überprüft. Kognitive Kontrollfunktionen einerseits und die kortikale 
Regulation des sympathischen und parasympathischen Zweiges des Autonomen 
Nervensystems (ANS) andererseits sind wichtige Aufgaben des Präfrontalkortex. Dabei 
bleibt die genaue Rolle des linken und rechten DLPFC jedoch weiterhin unklar. 
In der ersten Studie wurde deshalb die Bedeutung des DLPFC für die Inhibition 
bereits initiierter motorischer Reaktionen, einem Teilaspekt kognitiver Kontrolle, 
untersucht. Einzelpuls-TMS wurde über dem linken, rechten oder bilateralen DLPFC 
während eines Stop-Signal Experimentes appliziert. Die Stimulation erfolgte zu 
unterschiedlichen Zeitpunkten nach dem Stopsignal, welches den Probanden signalisierte, 
eine bereits begonnene motorische Reaktion zu unterbrechen. Es wurde eine signifikante 
Beschleunigung des Inhibitionsprozesses nach TMS beobachtet. Dieser Effekt war am 
stärksten ausgeprägt nach rechtseitiger TMS 50 ms und 100 ms nach dem Stopsignal. 
Der rechte DLPFC scheint im Vergleich zum linken somit stärker am Inhibitionsprozess 
beteiligt zu sein. Seine Stimulation verbessert die Inhibitionsleistung.  
Das Ziel der zweiten Studie der vorliegenden Dissertation war die Untersuchung der 
Rolle des DLPFC bei der Kontrolle und Regulation der Aktivität des ANS, insbesondere 
der kardiovaskulären Aktivität. Repetitive TMS (niedrigfrequent, 1 Hz) wurde über dem 
rechten oder linken DLPFC, oder dem Vertex als Kontrollregion, angewendet. Die 
Lokalisation der TMS Spule über dem DLPFC erfolgte dabei neuronavigiert mit Hilfe 
individueller struktureller Magnetresonanztomografien der Probanden. Während und nach 
der Stimulation wurde das Elektrokardiogramm aufgezeichnet. Spektrale Parameter der 
Herzratenvariabilität wurden extrahiert, die eine getrennte Analyse des sympathischen und 
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 parasympathischen Anteils an der kardiovaskulären Regulation ermöglichen. TMS über 
dem linken DLPFC erhöhte die parasympathische Aktivität und verminderte die 
sympathische. TMS über dem rechten DLPFC zeigte den entgegengesetzten Effekt, 
erhöhte die Aktivität des Sympathikus und verminderte die parasympathische Aktivität. Es 
zeigte sich eine Modulierbarkeit der ANS Aktivität durch DLPFC Stimulation. 
 
Beide Studien zeigten, dass es möglich ist, Funktionen des DLPFC mit Hilfe von 
TMS zu beeinflussen. Zukünftige Studien sollten sich zum Ziel setzen, die experimentellen 
Ergebnisse zu replizieren und die klinische Anwendbarkeit der Resultate zu prüfen. 
Verschiedene psychische Erkrankungen, die mit Störungen der Inhibitionsfähigkeit 
assoziiert sind (zum Beispiel Schizophrenie oder ADHS) sowie psychosomatische 
Erkrankungen in Folge von Störungen der autonomen Balance (zum Beispiel 
Herzerkrankungen) könnten mit Hilfe von TMS zusätzlich behandelt werden.  
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